ABSTRACT The constrained command tracking problem for the cloud robotic system with unknown bounded time-varying delays is considered. Based on a novel predictor-observer approach, a command governor is proposed to modify the received command in order to guarantee the constraint enforcement of remote robot. We firstly use a prediction algorithm in the forward channel to generate a virtual command, which is close to the original one as much as possible when the danger of constraint violation exists. Then, to deal with the measurement delay and disturbance in the backward channel, interval estimations of the system states are applied instead of delayed measurements in the prediction algorithm of the command governor. The constraints can be rigorously enforced with the upper and lower estimations. The efficiency of the proposed approach is demonstrated by simulations in the case of a single-degree-of-freedom manipulator.
I. INTRODUCTION
Cloud robotic systems allow human operators to extend their capabilities to remote environment, which have been applied to a variety of areas such as remote medical care, industrial manufacturing, outer-space exploration, and so on [1] - [3] . Remote control of robot systems can be performed in a cloud platform through data connection with a robot manipulator, however the existence of time delay between local human operator and remote manipulator is a key and unavoidable problem.
On the one hand, many previous studies have been focused on the stability and telepresence issue with time delay [4] - [8] .
On the other hand, however, the enforcement of constraints on input and output plant variables has been paid little attention. In practical applications of cloud robotics, for example, the maximum output of controller, the limited distance of robot arms and the collision avoidance requirements are important objectives in high performance control systems. Thus inappropriate commands or overshoot caused by
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controller may violate the constraints and damage the robotic system [9] .
The command (or reference) governor is an add-on scheme for enforcing pointwise-in-time state and controller constraints by modifying the reference command to a well-designed closed-loop system [10] . It generates a virtual command which is designed to be close to the original as much as possible based on the reference received from the human operator and the outputs of closed-loop system (measured or estimated). Meanwhile, the governor does not change the dynamic performance with respect to controlled object which could be already stabilized by a closed-loop controller [11] , [12] .
The issue of command governor subject to time delay is rather complicated. The previous work [13] have proposed a predicted-based reference governor that guarantees constraint enforcement for network control systems subject to variable delays. And a simplified algorithm of command governor for second-order linear systems with time delay was presented in [14] . But those methods only focus on time delays in the forward channel, while delayed measurements from feedback channel will weaken the effectiveness of prediction algorithms in the governor. Thus how to compensate the delays in feedback channel is rather important. Interval observers for linear time-delay systems was proposed by some researchers to obtain guaranteed interval estimations of the system state by using the delayed measurements [15] , [16] . In [17] an extended observer compensation method was proposed by viewing time delay as the disturbance. Nevertheless, as shown in Figure 1 , it should be pointed out that the cloud robotic system is different from conventional network control system [18] , [19] . In conventional networked control system, the controller is located on the different side with robot. However in practical applications, most robot arms have been equipped with pre-installed controllers. Thus, in the proposed cloud system, the controller is on the same side with the robot, while the command governor is located on the cloud side. The delayed command instead of controller input are transmitted through the communication channel.
In this paper, the constrained command tracking problem for cloud robotic systems with unknown bounded time-varying delays is considered. Our first main objective is to design a command governor based on original reference and feedback output, in order to send out virtual command which guarantees the constraint enforcement. Meanwhile, a predictor-observer structure is built. Allowing for the goal of satisfying constraints, a novel interval observer is designed to estimate the bounds of output. The upper and lower estimations will be used instead of delayed measurements in the prediction algorithm of the governor, such that the constraint condition can be strictly satisfied. Finally, efficiency of the proposed approach is demonstrated by simulations in the case of a single degree-of-freedom (DOF) manipulator.
The paper is organized as follows. Some preliminaries and notation are given in Section II. The prediction algorithm of command governor is presented in Section III. The interval observer design is performed in Section IV. Simulation results on a linear cloud robotic system are given in Section V to illustrate the effectiveness of the proposed techniques. Finally, Section VI concludes the paper.
II. PROBLEM STATMENT
Consider the control architecture shown in Figure 1b . Assume a linear continuous-time model of the remote plant,
with any selected initial value x(t) = ϕ(t), for t ≤ 0, where x ∈ n is controlled state variable, r ∈ m is the given desired motion trajectory (command) for robot. The commands and measurements are exchanged through a communication network with time delay, where d(t) represents the forward time delay. The system output is represented as
where y ∈ q is the output signal received by the cloud platform. The time delay in measurement channel is denoted by τ (t), and ε(t) represents the measurement errors.
Assumption 1:
The plant has been already stabilized by an included motion controller. For instance, most robot arms are equipped with pre-installed controllers (such as PD controller) which can achieve stable position or force tracking motion.
Assumption 2: d(t) is an unknown positive time-varying delay which can be determined as
where d(t) is a known time-varying upper bound of time delay, and δ(t) is an unknown time-varying delay and satisfies 0 ≤ δ ≤ δ(t) ≤ δ, where δ and δ are known constants.
Remark 1: The time delay is able to calculated in many applications where the remote plants are synchronized with local operators through a common clock. In this case, δ(t) can be regarded as the calculated or measurement error. Thus the Assumption 2 is reasonable. And it should be noticed that the upper bound of
Assumption 3: The time delay is slow varying and satisfies
, where σ , σ are known constants, and T s is the sampling period.
Our aim is to develop a command governor generating the virtual command v which enforce constraints
That is
where the set O ∞ is the maximum output admissible set which is built according to practical constraints, such as the limited distance of robot arms and the collision avoidance requirements. For stable linear systems under suitable assumptions, O ∞ is positive invariant, bounded, convex, and has an arbitrary close inner approximation described by a finite number of linear inequalities [9] . Remark 2: Since (1) is a model of the closed-loop system, (3) can represent constraints on either state or control variables. For example, supposing the motion conntroller u is a state feedback controller u = Hx, and the constraints on the controller output is u ≤ K , the constraints can be written as
The command governor only modifies the reference value r(k) and generates a virtual reference v(k) which is as close as possible to r(k). So it will not change the control law u and the dynamic performance of system (1) .
In this paper we develop the governor point-wise in time. System (1) is sampled with a sampling period T s , and reference r is replaced by the modified command v,
where
are the current forward and feedback delays duration, respectively, and y(k) represents the output signal received by the cloud platform at time instant k.
Assumption 4: The command is constant during one sampling period.
Remark 3: In practical applications, it should be integrated various factors to select the sampling rate. But in view of the design of command governor, the changing rates of time delay and command are major concerns. Based on Assumption 3, the sampling period Ts should be big enough when the changing rate of time-delay get fast. However, according to Assumption 4, a small sampling period is needed to make sure that the command is constant during one sampling period. Thus when we tune the sampling rate, there is a trade-off of applicability between fast varying delay and fast varying command.
Noticing that the command governor is set into local side with the cloud platform and human operator, this is mainly due to the high costs of installation at the remote robot where computing hardware capabilities are limited. The optimization problem will call huge calculation burden which may affect the performance of remote robot. Besides, parameter adjustment for governor is easier on the part of operators.
III. COMMAND GOVERNOR FOR CLOUD ROBOTIC SYSTEMS
In this section, motivated by previous work in [13] , we will extend the command governor to cloud robotic system with unknown bounded time-varying delays. Focusing on the delays in forward channel, predicted state variables with bounded uncertainties are applied to modify the desired references.
Firstly, irrespective of the measurement delay and errors, we assume that x(k) is received at time t k as well as the virtual command v(t k ) is generated by command governor. To prevent constraints violation, the future state x(t k+1 + d(k + 1)) is supposed to be predicted.
Since the delay is time-varying, the command is expected to reach the remote plant at t k + d(k) + ς (k), where ς (k) denote the cumulated delay changing from the time the virtual reference is generated to the time it is received. That is
ς (k) can be bounded by considering the slow variation assumption for σ (k),
According to Assumption 3, there is
Because the time delay d(k) is unknown, we firstly consider the state prediction at the known time t k + d(k) [20] .
Accordingly,
. The predicted state is obtained with uncertainty parameters aŝ
Based on (8) and Assumption 2, the unknown part of delay is in the range of
Consequently, W (k) can be bounded. By applying the infinity norm [25] , we can obtain
Then define P(δ, ς, v) = {e ∈ R n : ||e|| ∞ ≤ W || v|| ∞ }. The command governor law evolves into
According to [13] , it can be formulated by solving the quadratic program (QP):
is the set of vertices of the unitary ∞-norm ball in n . and ξ is the auxiliary evaluation variable, where at optimum ξ = v.
From (15), for a given robot system with known matrices A and B, we need to tune the parameters of the command governor according to two conditions. Firstly, the W should be calculated by (13) using the bounds of time delay. Secondly, the parameters of set O ∞ in (3) is built according to practical constraints requirement.
IV. COMPENSATION FOR MEASUREMENT DELAY USING INTERVAL ESTIMATIONS
Note that the feedback state x(k) is required in the command governor (15) . Due to the time delay in feedback channel, however, only the delayed measurement x(k − τ k ) arrives at the local side. In this section, to decrease the estimate error induced by measurement delay, we convert the delayed output into a form with extended disturbance. An interval observer is introduced to estimate the limits of extended states and compensate the time delay in feedback channel.
Most previous interval observers are based on the following traditional observer:
where L ∈ n×p is an observer gain to be designed. To analyze the estimation error induced by time delay in the feedback channel, we rewrite the system output as
where x f (k) = Cx(k − τ (k)) − Cx(k) + ε k denotes the disturbance of measurement. The estimation error can be determined as [17] e(k + 1) = x(k + 1)−x(k + 1)
It can be seen that the estimation error cannot converge to zero because of the existence of x f (k), which will degrade the performance of observer. In our method, the disturbance x f (k) is viewed as an additional state variable. The extended states are represented as
Then system (5) can be reformulated as following extended form:
) cannot be used directly in observer (16) . Noticing that the observer is located in the command side, we assume the information on the command signal v(t) on the time interval [t k − d(k), t k ] can be measured without delay and stored for observer design. Thus, we introduce the following notations:
where P is some matrix of an appropriate dimension, and min(max) is considered component-wise.
As a result, for the case of bounded time delay, the following extended functional observer can be designed as
where η is an auxiliary variable, F = MA e − LC e , H = MB e , G = L + (MA e − LC e )N , Q = N . The matrices M and N satisfy ME + NC e = I n+q (22) which can be selected as M = I n 0
In contrast with the traditional observer (16), the proposed observer (21) is applied in this paper to estimate the upper and lower bounds of x(k), such thatx(k) ≤ x(k) ≤x(k). We introduce the following notations of estimation errors of extended state θ and original state x respectively: 
(2) The estimation error e x (k) and e x (k) are bounded. Proof: Considering the first part of observer (21a), we can getθ
Multiplying M at both sides of (18) yields
Then adding Ny(k + 1) to both sides of (25) . Noticing that MJ = J , and ME + NC e = I n+q , we have
Subtracting (24) and (26), we can obtain the estimation error of extended state
Along with (23), we have
Comparing (27) with (28), the additional estimation error induced by x f (k) is eliminated through using the extended observer.
Take e x (k) as a linear system with input
Since MA e − LC e is Schur, e x (k) is BIBO stable and will convergence to 0 without inputs. Coupled with
and initial condition x(0) ≤x(0), it is obvious that e x (k) ≤ 0 and x(k) ≤x(k).
Moreover, the inequality
implies the input is bounded. Thus, e x (k) is bounded. In the same way, based on (21b), the lower estimation error of observer can be determined as
It can be easily concluded that x(k) ≥x(k) and e x (k) is also bounded. The proof of Theorem 1 is completed.
Remark 4: If the time delay is known, the input Bv(k−d(k)) can be used directly. Then the observer become same with the work in [17] , and the estimation errors convergence to 0. In addition, when the command v(k) turns into constant in the steady-state, there is Bv(k) = Bv = Bv(k). From (28) and (30), the estimation error also convergences to 0.
Next, we apply the interval estimations instead of delayed measurements to the prediction algorithm (10) . That iŝ
And constraint condition (3) is rebuilt as
following the command governor
Sincex(k) ≤ x(k) ≤x(k), the constraints can be rigorously enforced.
V. SIMULATIONS
Because the interaction of the robot end-effector with the environment occurs just in one direction in most tasks of practical interests [25] , we consider one single-DOF manipulator which is controlled through delayed communication channel. The model of remote plant is described as
with a controller with forward command delay
where x represents the manipulator position, m > 0 is the equivalent mass of the manipulator, b > 0 is the viscous friction in the joint, u is the control force, r is the designed reference position, k p and k d are the proportional and derivative gains of the position controller, respectively. By selecting x = xẋ T , we can get the closed-loop dynamics described by (1) with
Suppose that both position and speed of manipulator are measured and transmitted by feedback channel with time delay τ (t). The parameters of the manipulators and controller are presented as follows:
Obviously, the system is observable. In our simulations, d(t) and τ (t) are asymmetry time delays with a same maximum value 1s as shown in Figure 2 and Figure 3 , respectively. And the sampling interval T s = 0.1s. The quadratic programs are worked out through Matlab functions in our simulations. The implementation of QP algorithm could be different for various practical systems, such as bisections method [14] and the incremental step strategy [24] . More applications can be found in [10] , [21] , [22] and references there in. Figure 4 . Due to the overshoot generated by PD controller, the system output violates the constraint without the command governor, while the proposed method is able to enforce the constraint in the existence of time delay. For comparing, the result of command governor without interval observer is also presented. It can be seen that the max value of position is broken by using delayed measurement, and the position tracking performance is terrible. The effectiveness of proposed method can be shown. The modified commands of the governor with or without interval observer are shown in Figure 5 . We can see that when t = 3s, the proposed governor lower the reference command to prevent the position of robot surpassing prohibited value. And the modified command is identical with the original reference when the system is stable. Those results can also indicate the proposed command governor will not influence the stable tracking performance of the remote manipulator. On the contrary, the command governor without compensation by the interval observer can only modify the command under the backward time delay, which damages the position tracking performance seriously. Figure 6 shows the estimated results of proposed interval observer, from which the efficiency of interval estimations can be proved. Besides, because the command v(k) turns into a constant in the steady-state when t = 10s, we have Bv(k) = Bv = Bv(k), and the estimated positions converge to the real one.
Then, we study the cases that the position constraints are set as K = 5m, 5.1m, 5.2m, respectively. The time delays are same with Figure 2 . The comparative results are given in Figure 7 . We can see that the position trajectory get closer The constraints are set as K = 5.1m. The position trajectories of remote robot under different time delays are presented in Figure 9 . We can conclude that the fast rate of change instead of long length of time delay make a bigger impact on the performance of command governor. Besides, when the rate of change is big, we need to choose a big sampling time according to Assumption 3, which may cause signal distortion and influence the performance of control system.
VI. CONCLUSIONS
In this paper, the constrained command tracking problem for cloud robotic systems has been studied based on a predictor-observer scheme. A command governor has been designed for the cloud robotic system with unknown bounded time-varying forward delay. Then, in order to compensate the communication delay in the feedback channel, a discrete interval observer has been designed for the proposed extended system form. The interval estimations instead of delayed measurements are used in the prediction algorithm of the command governor. The constraints can be rigorously enforced since communication delay in the feedback channel is compensated. Simulation results show the good performance of both governor and observer. Future works will be focused on nonlinear robotic systems and large time delays.
